Abstract Climate change is forecasted to induce more drought stress events. Water scarcity is already the most limiting abiotic stress for crop production. With higher food demand, there is a need for sustainable solutions to cope with the loss of productivity due to water stress. It is known that plant growth-promoting rhizobacteria (PGPR) can colonize plant roots and increase plant growth. However, there is actually no sustainable method to decrease the impact of water stress. Therefore, we hypothesized that an application of thuricin-17, a molecule produced by the PGPR Bacillus thuringiensis, could enhance soybean tolerance to water stress. We grew soybean plants for 1 month in growth chambers in order to evaluate their response to thuricin-17 root application under drought, in association with the inoculation of N 2 -fixing Bradyrhizobium japonicum. We measured traits reflecting root architecture: number of tips, root diameter, root length, number of nodules; water fluxes: water potential, stomatal conductance; carbon nutrition: leaf area, photosynthetic rate, biomass and carbon partitioning; nitrogen nutrition: nitrogen partitioning and hormone signalling: abscisic acid concentration during the vegetative growth period. Our results show that thuricin-17 application under water stress increased plant biomass by 17 %, thus masking drought impact. This effect is due to modifications of below-ground structures, with 37 % increase of root and 55 % increase of nodule biomass, and to slight increases of leaf area and photosynthetic rate. We also observed that application of thuricin-17 induced a 30 % increase of root abscisic acid, an increase of root length and of leaf water potential. Finally, thuricin-17 induced an activation of nodule formation by 40 %, a partial restoration of nodule-specific activity, nodule growth and consequently, an increase by 17 % of the total nitrogen amount in the plant. Overall, our findings reveal a new method to decrease the negative impact of water stress. Results also demonstrate that the plant restored an adequate water and N balance by changing its root structure.
Introduction
Climate change is presenting major challenges to agriculture at a time when increasing world population is putting more pressure on global food supplies (Vadez et al. 2011) . Climate change will result in increased drought stress and water scarcity is already the abiotic stress most limiting to crop production (Wallace 2000) , and this is particularly pertinent to the drought-sensitive legumes (Liu et al. 2005) . For example, a moderate level of water deficit can reduce soybean production by approximately 40 % (Manavalan et al. 2009 ), thus limiting the production of soybean vegetable oil, protein feed or biodiesel (Friedman and Brandon 2001) .
The agro-ecological advantages of legumes in cropping systems are clear, as they naturally enrich soil with nitrogen, due to their ability to establish atmospheric N 2 -fixing symbioses with rhizobia, within specific plant organs, the root nodules. This biological process leads to a major reduction in nitrogen fertilizer additions, and significantly reduces pollution linked to nitrogen fertilizer synthesis, transport and spreading (Avice et al. 2011) . It also reduces ground water pollution with nitrate and emissions of the greenhouse gas nitrous oxide (Easterling et al. 2007 ). Water stress negatively inhibits nodule formation and symbiotic N 2 fixation, by decreasing nodule size and by reducing nodule-specific activity (King and Purcell 2001; Serraj et al. 1999; Streeter 2003) . Below-ground soybean responses to water stress consist in developing a longer taproot to reach the deeper available water and a greater number of lateral roots, leading to a more voluminous root system (Manavalan et al. 2009 ). Despite these advantages, in legumes, nodules are strong sinks for assimilates within the plant that compete for carbon assimilates both with the shoot and the roots (Schuize et al. 1999) , indicating that it is necessary to consider the plant, as a whole, if we want to understand plant acclimation to stress conditions.
In response to drought, the plant hormone abscisic acid (ABA) is dramatically synthesized and plays a key role in closing stomata (see Acharya and Assmann (2009) for review), and regulating aquaporins either via their gene expression or via post-translational regulations. This leads to the regulation of water fluxes within the plant and impacts the absorption of nutriments. Accordingly, as water stress influences plant nutrition, the establishment of plant organs, their growth as well as their functions, there is a need to find alternative methods which could enhance plant tolerance to water stress. Under non-stressful conditions, plant growth-promoting rhizobacteria (PGPR) have been shown to enhance plant production, as they can colonize plant roots and increase plant growth through a wide range of mechanisms, including the modification of phytohormone synthesis (indole-3-acetic acid, cytokinins, ethylene, ABA, for review, see Dodd et al. (2010) ), the reduction of heavy metal toxicity, or the suppression of disease by antibiosis (Whipps 2001) . The PGPR Bacillus thuringiensis NEB17, isolated from soybean nodules (Bai et al. 2002) , was shown to produce a bacteriocin named thuricin-17 (Gray et al. 2006 ) which stimulates the growth of both C3 dicot and C4 monocot plants (soybean and corn, respectively) (Lee et al. 2009 ). In addition, it has been suggested that PGPR could act as "biofertilizers" for helping plants tolerate abiotic stresses such as drought or salinity (Yang et al. 2009 ). PGPR can also induce a reproductive delay leading to a better tolerance of Arabidopsis to drought (Bresson et al. 2013) . The objective of this study is thus to investigate whether an application of thuricin-17, in association with the inoculation of N 2 -fixing rhizobacteria Bradyrhizobium japonicum, could enhance soybean tolerance to water stress conditions during an early stage of development, which is the vegetative period.
Materials and methods

Plant growth conditions and treatments
Soybean (Glycine max L. Merr. cv. OAC Champion) seeds were surface-sterilized with 2 % sodium hypochlorite for 5 min and thoroughly washed with distillated water. Soaked seeds were sown in plastic pots (13 cm diameter) containing vermiculite (Holiday®, Montreal) and inoculated with 1 mL of a fresh solution of Bradyrhizobium japonicum strain 532C, which had been grown at 28°C in yeast mannitol medium (YEM) to a cell density adjusted to 10 8 cells per milliliter. Plants were grown in a growth chamber (Fig. 1a) under a 16-h photoperiod, 300 μE m −2 s −1 and 80 % relative humidity at 26-22°C (day-night temperatures). During the whole experiment, water and nutrient supplies were separately adjusted in order to feed all the plants with the same nutrient quantity. All the plants were watered three times a week with 20 mL of nitrogen-free double strength Hoagland's solution.
Of the 181 experimental units (plants in pots), 73 were randomly chosen to be well-watered while the remaining 108 were subjected to a water stress treatment starting when the plants reached vegetative cotyledon stage, corresponding to 7 days after seeding (DAS). Soil water capacity was determined by weighing pots filled with vermiculite: 100 % of soil water capacity was obtained by weighing pots after having watered them in excess, and letting them drain overnight. Well-watered pots were watered daily with distillated water to keep them at no less than 90 % of soil water capacity, while for the water-stressed pots, water was withheld until they reached 45 % of soil water capacity, and kept at this moisture level until the end of the experiment.
Among the water-stressed experimental units, 54 randomly chosen pots were treated with 10 −9 M of thuricin-17, extracted and purified as explained in Lee et al. (2009) . The treatment was applied beginning at the vegetative cotyledon stage by adding 10 −9 M of thuricin-17 to the 20 mL of the N-free Hoagland's solution.
Sampling and measurements
For each treatment, at the vegetative cotyledon stage, the first trifoliate stage (corresponding to 5 days after treatment), second trifoliate stage (corresponding to 10 days after treatment) and third trifoliate stage (corresponding to 16 days after treatment, see Fig. 1b ), data were collected on 10 plants for plant height, leaf greenness (SPAD-502, Minolta, Japan), photosynthesis, stomatal conductance (LI-COR 6400 Inc, Lincoln, NE, USA), and leaf water potential (WP4 potentiometer, Decagon, Washington, USA). Each plant was separated into four plant components: leaves, stem, roots and nodules. Leaf area and root architectural traits (number of nodules, root total length, root average diameter, number of tips) were recorded using the WinRHIZO software version 3.2, (Regent instruments Inc., Quebec, Canada). Collected tissues were dried in an oven set at 80°C for 5 days, the dry weights (DW) were collected and samples ground before conducting duplicate carbon and nitrogen analyses on each plant using an elemental analyzer (Thermo Electron NC2500, Courtaboeuf, France). The specific activity of nodules for N 2 fixation (ε, in gN[g.nodDWd
)) between date t a and date t b was calculated as the ratio between the quantity of fixed N 2 (fixN a→b ) and the integrated nodule dry weight (DW nod ) between t a and t b :
Six to nine other plants per treatment and developmental stage were harvested and divided into three biological pools. Their roots, nodules and leaves were separated, frozen into liquid nitrogen, freeze-dried and stored at −80°C before hormone extraction.
Abscisic acid extraction, purification and quantification
The freeze-dried tissue for ABA analysis was extracted, purified and quantified by an isotope dilution assay using extraction methods as adapted from Ross et al. (2004) . During extraction, [ 2 H 4 ]ABA (NRC-PBI, Saskatoon, Canada) was added as quantitative internal standard. Purification included mixed mode reverse-phase/cation-exchange Oasis MCX-SPE column (Waters, Mississauga, Canada), pre-conditioned with 5 mL of CH 3 OH followed by 5 mL of 1.0 M HCOOH. The sample was loaded in 1.0 M HCOOH and ABA was eluted with 5 mL of CH 3 OH. Purified ABA were was analyzed by (LC-(+)ESI-MS/MS) using a Dionex Ultimate 3000 HPLC system (Dionex, Bannockburn, IL, USA) coupled to a QTRAP 5500 triple quadrupole hybrid ion trap mass spectrometer (MDS Sciex, Concord, Ontario, CA) equipped with a turbo V-spray source in negative ion mode. ABA was quantified by multiple reaction monitoring (MRM) of the mother (parent) ion and daughter (product) ions.
Statistical analyses
Statistical analyses were performed using the XLSTAT software, version 2010.5.02 (http://www.xlstat.com). For all variables, except ABA concentrations, differences among treatments were tested using the ANOVA-protected least significant difference (LSD) test. For ABA concentrations, as the number of replicates was equal to three, we tested differences among treatments with the Kruskal-Wallis non-parametric test. Only differences significant at P<0.05 were considered.
Results and discussion
Plant growth-promoting rhizobacteria can enhance plant fitness components via a large range of mechanisms leading to modifications of particular plant functional traits, either by conferring a biochemical potential or by modifying plant pathways (Friesen et al. 2011; Goh et al. 2013 ). The present work was initiated to assess whether the application of thuricin-17-a molecule synthesized by PGPR Bacillus thuringiensis strain NEB17-could enhance soybean vegetative development and C and N acquisition under a continuous water stress, when N furniture to the plant was only based on N 2 fixation, meaning in symbiotic association with Bradyrhizobium japonicum. In order to test this hypothesis, (i) the establishment of plant aerial and below-ground organs and (ii) their functions related to carbon metabolism and nitrogen acquisition, were analysed throughout plant Fig. 1 Pictures of a the growth chamber where soybean plants were grown and b a soybean plant at the third trifoliate stage Thuricin-17 effect under droughtvegetative development. Experiments were conducted in order to study the effects of thuricin-17 application on the vegetative development of N 2 -fixing soybean plants, grown under water stress conditions. Plant traits were monitored for 16 days after water stress imposition by water withholding, in combination or not, with thuricin-17 application.
3.1 Thuricin-17 alleviated the loss of biomass due to water stress conditions by strongly increasing the below-ground structures
The effect of water stress on shoot biomass and plant leaf area was detectable by 10 days after the beginning of the treatment and became greater as plant development advanced, reaching a decrease of 22 and 25 %, respectively, at the final harvest (Fig. 2d, e) . Thuricin-17 application positively enhanced both traits over the water stress treatment, although they remained statistically lower than well-watered plants. Water deficit decreased plant biomass by 10 days after water stress imposition, but in this case, thuricin-17 treatment completely restored the plant biomass observed under well-watered conditions, by 16 days after treatment (Fig. 2f) . Observations made in this study strengthen the hypothesis that interaction between thuricin-17 and Bradyrhizobium japonicum is a way to mitigate losses in soybean growth, normally occurring under water stress conditions. Indeed, the application of moderate water stress during soybean vegetative development, decreased plant biomass and leaf area, while a restoration of plant biomass occurred when thuricin-17 was applied under water stress conditions. Leaf water potential was the first measured variable among aerial parts to respond to drought and to thuricin-17 application. Leaf water potential significantly decreased in waterstressed plants compared to the well-watered control even only 5 days after the beginning of water stress treatment, and a partial mitigation of thuricin-17 compared to the water-stressed plants occurred 10 days after the beginning of its application (Fig. 2a) . Stomatal conductance and leaf photosynthetic rates were also strongly affected by water stress and were decreased to 32 and 15 %, respectively, compared to well-watered plants at the final harvest (Fig. 2b, c) . The photosynthetic rate was improved by thuricin-17 treatment of water-stressed plants, although not to the extent of restoring the levels observed in well-watered conditions.
Water stress induced modifications of the soybean root system architecture. It increased the root length of approximately 20 % (Fig. 3b) , and root diameter of 16 % after 16 days of water stress (Fig. 3c) . The number of root tips was unchanged by either soil water conditions or by thuricin-17 (Fig. 3d) . A marked increase in root biomass was observed after thuricin-17 application, as it was 37 % higher than for the water-stressed plants (Fig. 3a) , and this was associated with an increase of root length (Fig. 3b) .
Water stress conditions strongly affected the production of nodules as their number was reduced by around 55 % at the final harvest (Fig. 3e) , and by 40 % when the water stress was combined with thuricin-17. Moreover, a stagnation of nodule formation occurred between 10 and 15 days after water stress imposition, even if thuricin-17 was applied. However, even if nodule dry weight was decreased by water stress and thuricin-17 conditions (by 50 and 48 %, respectively), nodule dry weight increased throughout plant development and among all treatments, indicating that nodule growth itself had not ceased (Fig. 3f) . It was only the establishment of new nodules that had stopped.
This modification of the root/shoot ratio induced by thuricin-17 application illustrates an amplified adaptive strategy to local limiting conditions, commonly observed under water stress conditions ). More precisely, in our case, root/shoot ratio was improved by a limitation of energy costs consisting in a decrease of new root branching associated to an enhanced root elongation. The major consequence of such drought avoidance strategy in the presence of thuricin-17 was the increased water absorption by roots, leading to a better water state of the whole plant -as reflected by an enhancement of leaf water potential. Therefore, leaf elementary functions such as transpiration or photosynthesis were improved by thuricin-17. It has been well-established that a moderate water stress applied to soybean induces a decrease in photosynthesis due, in particular, to a decrease in CO 2 diffusion from the atmosphere to the carboxylation site (Chaves and Oliveira 2004) . Moreover, the reduced activity of Rubisco has been shown to be explained by conditions of low stomatal conductance and chloroplast CO 2 concentration (Flexas et al. 2006) . If thuricin-17 has already been shown to enhance soybean photosynthetic rate under conditions that were not assessed for stress level (Lee et al. 2009 ), to our knowledge, this is the first time it has been proven that a signalling molecule produced by a PGPR can alleviate the negative effect of water stress on carbon metabolism in soybean.
3.2 Thuricin-17 enhanced N 2 -fixation and modified N partitioning among plant organs With regard to nitrogen acquisition, which was only based on N 2 fixation in this study, water stress induced a large decrease in plant N fixation (around 30 % less than under well-watered conditions) which was detectable by 16 days after drought imposition (Table 1) . Water stress induced a reduction of nodule-specific activity (Table 1 ) and a decrease of nodule number by 55 % (Fig. 2e) , as previously reported (King and Purcell 2001; Serraj et al. 1999; Streeter 2003) . This decrease was significantly mitigated by thuricin-17 application, leading to a loss of fixed N, corresponding to only 18 % of the N fixed under well-watered conditions. In parallel, the specific activity of nodules displayed a similar pattern in response to both treatments, as it was decreased by water stress conditions, and the decline was slightly alleviated by thuricin-17.
Under well-watered conditions, Lee et al. (2009) have shown that root application of thuricin-17 in interaction with Bradyrhizobium japonicum led to increase soybean nodule number but not the nodule growth. In our study, under water stress conditions, thuricin-17 induced an activation of nodule formation only during the first 10 days of treatment, a partial restoration of nodule-specific activity, a partial restoration of nodule growth and consequently, an increase of the total N quantity in the plant (Table 1 and Fig. 3 ). The activation of nodule formation during the first 10 days of thuricin-17 treatment can be explained as an adjustment of N supply to the demand reflected by the shoot biomass: at 10 days after treatment imposition, both shoot biomass and nodule number were lower than for the well-watered plants (Figs. 2d and 3e ). These observations were in accordance with a study showing that the nodulation process in pea is tightly attuned to plant growth (Voisin et al. 2010) . Moreover, this adaptive strategy Fig. 2 Effect of well-watered conditions (black circles), water stress (white circles) and thuricin-17 application under water stress (triangles), during plant development on a leaf water potential, b stomatal conductance, c photosynthetic rate, d shoot biomass, e leaf area and f plant biomass. Each point represents mean±standard deviation (n =10).
Differences among treatments significant at the 0.05 probability level are denoted by different letters on the bars. Thuricin-17 application under water stress condition enhanced above-ground growth and photosynthetic activity when compared with the water stress-alone condition Fig. 3 Effect of well-watered conditions (black circles), water stress (white circles) and thuricin-17 application under water stress (triangles), during plant development on a root dry weight, b root length, c root diameter, d number of root tips, e number of nodules and f nodule dry weight. Each point represents mean±standard deviation (n=10). Differences among treatments significant at the 0.05 probability level, are denoted by different letters on the bars. Thuricin-17 application under water stress condition modified the nodulated root system architecture by enlarging the pre-existing structures when compared to the water stressalone condition: root length was increased (but not the number of roots) and nodule biomass was increased (but not the nodule number) consisting in enlarging pre-existing structures, instead of producing new structures, can be interpreted as a way to optimize energy costs under water stress conditions. Despite the enhancement of N acquisition by thuricin-17 application under water stress, N concentration in shoots was not modified by thuricin-17 (Table 1 and Fig. 4) , confirming that the enhancement of photosynthesis after thuricin-17 application was not due to an increase of leaf N concentration. On the other hand, and contrary to what occurs in pea, where N partitioning between below-ground and above-ground tissues is not modified by water stress (Mahieu et al. 2009) , soybean N partitioning among the various plant organs was Fig. 4 a Percentage of nitrogen (N) contained in the various plant organs (leaves, stem, nodules and roots), at final harvest (16 days after treatment). b Percentage of dry mass contained in the various plant organs (leaves, stem, nodules and roots). Each column represents the mean of n=10 plants. For each organ, LSD tests were used to evaluate the differences among treatments. Differences among treatments significant at the 0.05 probability level are denoted by different letters on the columns. A higher proportion of N was allocated to the below-ground structures under water stress conditions (combined or not with thuricin-17), which can be interpreted as the direct consequence of changes in biomass partitioning (belowground organs had a higher biomass allocation under water stress than under well-watered conditions) Fig. 5 Effect of well-watered conditions (black circles), water stress (white circles) and thuricin-17 application under water stress (triangles), during plant development on a leaf abscisic acid (ABA) concentration, b root ABA concentration, and c nodule ABA concentration. Each point represents mean±standard deviation (n=3 biological pools composed by 2-3 plants). Differences among treatments at each time point significant at the 0.05 probability level are indicated by different letters on the points. When thuricin-17 was applied to water-stressed plants, the concentration of ABA in roots and in nodules was higher than under water stress-alone conditions at 5 days after treatment, corresponding to the earliest response, which was observed Thuricin-17 effect under droughtaffected by water stress conditions and thuricin-17 application: both treatments induced a higher proportion of N allocation to the below-ground structures. Taken together, these results suggested that changes observed for N partitioning are the direct consequence of changes in biomass partitioning: less N is used in the photosynthetic pathway of shoot tissues, another adaptive strategy to stress conditions (Poorter and Nagel 2000) .
3.3 Thuricin-17 affected abscisic acid synthesis under water stress
The earliest signal which has been observed after thuricin-17 application was the increase of the abscisic acid (ABA) content in leaves and roots (Fig. 5) , and the differences between plants grown under well-watered and water-stressed conditions were amplified throughout their development. When thuricin-17 was applied to water-stressed plants, the concentration of ABA in roots and in nodules was even higher than under water stress-alone conditions at 5 days after treatment. Subsequently, ABA concentrations of plants treated with thuricin-17 were moderated and ranged intermediately between well-watered and water-stressed plants, for all the plant organs (leaves, roots or nodules).
This hormone is known as a plant sensor for soil water availability in the rhizosphere, which is produced in the roots, transported in the xylem by way of the transpiration stream, and induces a transduction cascade in the leaves involving Ca 2+ , K + and Cl − adjustments, which leads to stomatal closure, a reduction of water loss from leaves, and an inhibition of shoot growth (Davies and Zhang 1991; Jones and Mansfield 1970) , as well as the maintenance of root elongation by restricting ethylene production (Spollen et al. 2000) . This suggests that the change in plant hormonal balance (from the roots) could be one causal element leading to modifications of root elongation. Indeed, when treated with thuricin-17, plant adjustment of ABA concentration led to a maximal root growth explained by the elongation of the pre-existing roots, and consequently led to a better water uptake.
Conclusion
Thus, it has been demonstrated that thuricin-17 enhanced plant tolerance to water stress by amplifying the adaptive strategy which is commonly deployed under water-limiting conditions: by (i) modifications of C and N acquisition and allocation among the different plant organs, (ii) changes in activities of these components (N 2 -fixation, photosynthesis, transpiration…). To explain our results, we propose a mechanism involving thuricin-17 as a modulator of plant hormonal balance, being the causal element leading to modifications of root elongation, allowing a better water uptake, a better water state of the plant and thus enhancing the main functions related to carbon and nitrogen acquisition.
